This work aims to present the modification of polypropylene (PP) membranes using three different biopolymers, chitosan (CHI), potato starch (PS), and cellulose (CEL), in order to obtain three new materials. The modified membranes may be degraded easier than polypropylene ones and could be used as selective membranes for metal ions removal, among other applications. For this purpose, the UV energy induced graft copolymerization reaction among polypropylene membrane, acrylic acid, benzophenone (as photoinitiator), and the biopolymer (CHI, PS, or CEL) was conducted. The results of FT-IR-ATR, XRD, TGA, DSC, SEM, BET, and AFM analyses and mechanical properties clearly indicate the successful modification of the membrane surface. The change of surface wettability was monitored by contact angle. The grafting reaction depends on natural polymer, reaction time, and concentration. In order to prove the potential application of the modified membranes, a preliminary study of sorption of metal ion was carried out. For this purpose, the PP-CHI membrane was chosen because of the high hydrophilicity, proportionate to -OH and NH 2 ; these groups could act as ligands of metal ions, provoking the interaction between PP-CHI and M+ (PP-CHI-M + ) and therefore the metal ion removal from water.
Introduction
Polypropylene (PP) is widely used in a variety of industrial applications such as wastewater treatment and separation process because of its low cost, good mechanical and thermal properties, and chemical stability. In the membrane field, PP is also considered for biomedical applications, namely, hemodialysis, plasmapheresis, blood oxygenation, and leukodepletion process [1] . However, the hydrophobicity of PP material limits its applications and consequently many compounds have been used to modify the PP surface [2] [3] [4] , in order to change its properties and increase their applications. The surface of PP films has been grafted with polar groups [5, 6] to modify its permeability coefficient and hydrophilicity. Grafting modification with specific functional groups is one of the approaches to synthesize adsorbent PP that can be used for metal removal from wastewater [7] , where the selectivity depends on the specific interactions between the grafted monomer and the metal ions.
The surface modification of membranes is a promising approach to confer new properties to the membranes, different from those of the original material. Surface chemistry and morphology of membranes play an important role in the efficiency of the membrane modification process [8] . Generally, the objective of the modification is not only to increase the flux and/or selectivity, but also to improve the chemical resistance [9] . A monomer could be introduced within a polymeric matrix using blend or immobilization processes, such as other several ways [10] . However, the compatibility of the monomer with the polymeric matrix becomes a prime constraint to develop the required material [11] . In this context, several methods have been used to 2 Journal of Chemistry modify the chemistry of membranes. These include surface grafting [12] , pore-filled grafting [13] , and dip coating [14] . The UV-induced graft polymerization of a monomer into the polymer matrix is an adequate route to modify the surface; it changes its properties such as wettability or permeability. The attractive feature of the grafting process is that the extent of modification can be precisely controlled by the proper selection of the irradiation and reaction conditions [10] . In addition, the graft polymerization is initiating without prior modification of a surface. The procedure is relatively simple, energy-efficient, cost-effective, and well-suited for integration with other technologies [15] . The matrix can be modified with different functional groups such as carboxylic acid, amine, hydroxyl, and sulfonic acid groups. These groups attached onto the polymeric networks can be tailored for a specific application [16] . Owing to higher adsorption rate and adsorption capacity, the modified polymer can provide many advantages as new-type, fast-responsive, and highcapacity adsorbent materials for the removal of pollutants from aqueous solutions [17, 18] .
Biopolymers are good candidates to modify the surface properties of PP, due to their properties such as water binding capacity, nontoxicity, biocompatibility, selectivity, and biodegradability. Therefore, it is reasonable to combine the advantages of UV-induced graft polymerization with the versatile characteristics of natural polymers like potato starch (PS), cellulose (CEL), and chitosan (CHI), which occur abundantly in nature [19] [20] [21] [22] . The present work is concerned with the use of the natural polymers as grafting compounds to modify PP using UV energy source to obtain new membranes with capabilities of water affinity, metal removal, and potential biodegradability after use. It was decided to functionalize the polypropylene membrane with acrylic acid, taking advantage of the polar groups (C=O, -OH) to anchor the biopolymer (Figure 1 ).
Materials and Methods
Polypropylene microporous membrane with pore size of 0.45 m, thickness of 114 m, and porosity of 84.6% was supplied by 3M Company. Chitosan (448877-medium molecular weight, deacetylated chitin), cellulose ( -cellulose), phosphoric acid, acrylic acid, and benzophenone (radical photoinitiator) were from Sigma-Aldrich and were used without prior treatment. Potato starch was obtained by the method reported by BeMiller and Whistler [19] .
Preparation of Biopolymers Solutions for Membrane Surface Modification.
Solutions of 1% w/v of each biopolymer were prepared: potato starch (in water), chitosan (in 2% acetic acid solution), and cellulose (in phosphoric acid). In addition, solutions of acrylic acid (1 : 1 in deionized water) and benzophenone (0.05 M in acetone) were also prepared.
Grafting of Biopolymers into Polypropylene Surface.
The polypropylene membrane was cut into square-shaped pieces (5 × 5 cm) and impregnated with corresponding biopolymer solution, acrylic acid, and benzophenone. The so-prepared membranes were put in between two liners, placed in squeeze rollers, and transferred to a glass plate and another glass plate was put on top of it. Membranes were irradiated with UV radiation (300 nm) during 8 h. After this time, the samples were washed in Soxhlet equipment for 24 h to remove nongrafted biopolymer. The grafted membranes were dried under vacuum until constant weight.
Graft Polymerization for Kinetics Analysis
2.3.1. Determination of Grafting Degree. The grafting degree (Gd) was calculated from the equation
where 0 and 1 are the mass of the PP membrane and the modified membrane, respectively.
Effect of the Irradiation Time.
The effect of irradiation time was evaluated by the grafting degree determined at 1 to 8 hours of exposure to UV energy.
Effect of the Biopolymer Concentration.
The effect of biopolymer concentration was evaluated at 0.25, 0.5, 1, and 2% in solution.
Methods of Characterization.
The modified membranes of polypropylene have been characterized using the following methods.
Wettability and Contact Angle Test.
To determine the equilibrium water absorption, the modified membranes were subjected to swelling test. The samples were immersed in deionized water during different periods. Excess of water on the surface of the samples was removed with filter paper and the swollen samples were weighted. The swelling was determined by the following equation:
where and are the weights of swollen and dry membranes, respectively.
Contact angle measurements were conducted in a Krüss model G-1 apparatus.
Fourier Transform Infrared Spectroscopy (FT-IR).
FT-IR-ATR spectra were acquired by an infrared spectrometer Bruker Tensor 27; the ATR accessory contained a diamond crystal. The spectra acquisition conditions were 25 ∘ C, 64 scans, and 500-4000 cm −1 and 2 cm −1 resolution, with respect to the appropriate background spectra. 
Scanning Electronic Microscopy (SEM

Atomic Force Microscopy (AFM)
. AFM was performed with the noncontact mode using a MFP-3D Origin AFM apparatus equipped with Igor Pro 6.34A. The sample was attached to a glass slide using a double-sided tape, followed by scanning of the surface by a silicon nitride probe in air at ambient conditions. The scanning was performed at a speed of 0.24 Hz and scan sizes of 90, 60, 30, and 15 m. Sampling resolution of 448 points per line was selected.
Thermogravimetric Analysis (TGA) and Differential Scanning Calorimetry (DSC).
TGA and DSC studies were carried out in a thermal analyzer Netzsch STA 449 F3 Jupiter, with a heating ramp of 10 ∘ C/min, in a nitrogen atmosphere at a flow rate of 20 mL/min. Samples were heated from room temperature to 560 ∘ C. Aluminum crucibles of 5 mm diameter were used. Savitzky-Golay's smoothing algorithm was employed for TGA curves.
Specific Surface Area (Using BET).
The specific surface area of the modified membrane was determined by N 2 adsorption using the multipoint Brunauer-Emmett-Teller isotherm (BET) in Autosorb iQ equipment of Quantachrome Instruments at 77 K. 
X-Ray Diffraction (XRD).
The diffraction patterns were obtained using Bruker D8 Advance, Cu-k to 1.5404 > at 2 (5-60 ∘ ) at 30 kV and 20 mA. The scanning electron microscopy SEM-EDS was performed in JEOL JSM-6510LV. Elemental analysis was performed in an Elementar Vario Micro Cube analyzer.
Mechanical Test.
Tensile modulus and ultimate loadto-failure strength were determined on separate strips of 1 × 5 cm by a tensile test in TA Instruments DMA-Q800.
Sorption Test.
A sorption test was conducted with a variable flow peristaltic pump (Pump Low Speed Flow Control Company), latex connections, a 20 mg/L copper solution prepared from copper pentahydrate sulfate (CuSO 4 * 5H 2 O), and deionized water (DI). The system was conditioned at a flow rate of 2 mL/min.
Results and Discussion
Grafting of Biopolymers onto Polypropylene Surface.
The reaction was carried out by free radical polymerization of acrylic acid, benzophenone (as photoinitiator), and biopolymers (CEL, PS, and CHI, separately). In previous experiments by our group, the need of acrylic acid addition to achieve the biopolymers grafting has been established. The reaction results in the formation of the interpolymer network where biopolymer molecules are grafted into the macromolecular lattice acrylic acid-polypropylene [25, 26] . Thus, once the PP was functionalized, the modification using biopolymer is feasible.
Determination of Grafting Degree, Concentration, and
Irradiation Time. The dependence of the reaction time and biopolymer concentration on the grafting degree was evidenced in Figure 2 . It is worth pointing out that the acrylic acid provides the reactive sites for the grafting of the biopolymer; otherwise the reaction does not occur [27] . In Figure 2 (a) the graft copolymerization is proportional to the reaction time, where the modified membranes presented the highest grafting yields at 4 hours. The observed behavior for the grafting yield of the biopolymers was as follows: PS (388%), CHI (240%), and CEL (140%). Figure 2(b) shows the dependence of the grafting degree on biopolymer concentration. The grafting yield of the reaction system could change with the different reactant concentrations. It can be seen that an increase of the biopolymer concentration leads to a Gd enhancement. However, the biopolymer concentration increased to a maximum of 1% and then decreased. The initial positive slope of the plot is explained by an increase of the grafting reaction due to a greater concentration of the reactant. When the biopolymer concentration further increased, an increase in the viscosity of the grafting mixture was observed producing a difficult diffusion of the biopolymer into the PP [25, 27] . It is often reported that the grafting efficiency increases with monomer concentration up to a certain limit and then decreases with higher concentrations [28] [29] [30] . These results indicated that the optimal conditions for this study were 4 hours of reaction time and 1% of the biopolymer concentration to modify polypropylene surface.
Characterization of Modified Membranes.
To evaluate the hydrophilic character of the modified membrane, the contact angle and the kinetics of swelling were studied.
Wettability Test of Membrane.
The kinetics of swelling of the modified membrane at room temperature in water was followed by gravimetry. Figure 3 shows the swelling process of each modified membrane. The equilibrium was observed after 20 minutes for each new membrane with a maximum absorption as follows: PP-PS (247%), then PP-CEL (177%), and PP-CHI (164%). The unmodified polypropylene membrane did not present swelling ability. The grafted polar groups provoked a radical change in the hydrophobic character of the membrane [31, 32] .
Contact Angle.
The interfacial properties between a liquid and a polymer component are characterized by the surface energies of each phase and the contact angle between them [33] . Contact angle measurements have been commonly used to characterize the hydrophilicity of membrane surfaces [15] ; the unmodified membrane had a 90 ∘ water contact angle, while modified membranes decreased the angle depending on the grafted biopolymer on PP surface. The PP-CEL membrane showed an angle of 25 ∘ ; the PP-CHI membrane presented 16 ∘ ; when it comes to the PP-PS, the contact angle was 0 ∘ , and this indicates a dramatic change in its hydrophobic character, having complete wetting. These results show that the modified membranes changed the hydrophobicity of the polypropylene membrane, due to the presence of polar groups from the biopolymers, which enhances the surface energy and the hydrophilicity of modified membranes [34] . The hydrophilicity will influence the permeation and surface properties of the PP membranes, thus widening their applications in biomedical and environmental fields [35] .
FT-IR-ATR Analysis.
The FT-IR spectroscopy can confirm that each biopolymer was grafted onto the PP membrane surface. Figure 4 shows the FT-IR-ATR analysis of modified membranes compared with PP, as reference. The PP spectrum shows the absorbency peaks at 2918 cm −1 (CH 2 stretching asymmetrical vibration), 2848 cm −1 (CH 2 stretching symmetrical vibration), and 1455 cm −1 and 1380 cm −1 (CH 2 scissor vibration), and other low frequency -C-C-stretching vibration modes are also observed. The spectra of modified membranes PP-PS and PP-CEL showed characteristic signals at 3159 and 3367 cm −1 corresponding at stretching vibration of -OH, respectively. PP-CHI spectrum showed a broad band at 3161 cm −1 of stretching vibration of N-H and O-H; the signal in 1644 cm −1 corroborates the bending vibration of N-H. The C=O vibration had a different shift depending on the biopolymer grafted; for example, the PP-PS was observed at 1702 cm −1 , the PP-CEL at 1706 cm −1 , and the PP-CHI at 1704 cm −1 . The spectra of PP-PS, PP-CEL, and PP-CHI showed the same pattern around 1200-1160 cm −1 corresponding to the glycosidic bond (C-O-C stretching vibration) of the biopolymers. It is important to mention that the carbonyl group of the acrylic acid grafted to polypropylene membrane (PP-AAc) showed a different shift at 1711 cm −1 .
Elemental Analysis of the Modified Membranes.
This analysis showed that the results are consistent with the empirical equation of PP (C 3 H 6 ) that is calculated as 85.71% of carbon and 14.29% of hydrogen. According to the elemental analysis results for PP-PS, PP-CEL, and PP-CHI (Table 1) , there is a significant amount of oxygen caused by the presence of acrylic acid and biopolymer. The analyses of the composition of the modified membrane of PP-PS and PP-CEL have the same empirical equation (C 6 H 10 O 5 ), unlike chitosan (C 6 H 11 O 4 N) that showed the presence of nitrogen from the amine group. These results are similar to the sum of PP + AAc + biopolymer, for example. In the case of PP-CHI the theoretical composition was 52.36% of carbon, 7.6% of hydrogen, 32.98% of oxygen, and 5.1% of nitrogen for C 12 H 21 O 6 N. Certainly, these results clearly indicate the presence of the biopolymer in the PP grafted membrane.
Scanning Electron Microscopy (SEM).
Scanning electron microscopy (SEM) was used to examine the morphology of the different modified membranes. It can be observed in Figure 5 that the surface of the modified membranes is considerably different from the starting membrane. 
BET Assay.
The BET analysis was used as a complementary assay. The specific surface area of the modified membrane was determined by the physical adsorption of nitrogen on the surface of the membrane and by calculating the amount of adsorbate gas corresponding to a layer on the surface. The results show that the addition of the biopolymer reduces the total area and the pore diameter. This is in agreement with the SEM images. The diminished porosity of the modified membrane can be ascribed to the biopolymer grafted in the surface, causing more resistance to the lamellar separation [34] . The BET surface area of the PP membrane was 922.3 m 2 /g and is characteristic of a microporous material. However, the modified membranes exhibit surface areas in the following order: PP-CHI > PP-CEL > PP-PS (48.6, 46.6, and 42.6 m 2 /g, resp.). This indicates that the biopolymer has penetrated into the support pores, which changes the characteristic of the PP membrane from microporous membrane to a mesoporous material.
Topographical Analysis (Using AFM).
Determination of the surface roughness by AFM is crucial to confirm the grafted reaction. PP and modified membranes were analyzed by AFM. The PP has a nodular mesh organized in a framework in which between 5 and 6 fibers converge, allowing the formation of holes with different diameters, and an ovoid geometry was observed. Figure 6 represents (2D) the morphological changes between the PP and the modified membranes (PP-CEL, PP-PS, and PP-CHI). The lightest areas represent the highest regions of the structure and the darkest the deepest. The maximum heights shown for the modified membranes were in the following order: PP-CEL samples ≈ 600 nm, PP-CHI ≈ 400 nm, and PP-PS ≈ 300 nm.
The morphology of PP-CEL, likewise PP-PS, showed flakes with a semiradial growth from nodular regions of the PP; these flakes have 54% more volume. The presence of chitosan promotes the formation of thicker layers, and an amorphous morphology with a soft texture was presented [36] . AFM analysis suggests that the penetration, as well as infiltration of the hybrid materials, is favored in the following order: PP-PS (800 nm), PP-CEL (600 nm), and PP-CHI (300 nm) [37] [38] [39] .
(1) Surface Roughness. Surface roughness is an important structural property of polymeric membranes. It has been shown that this parameter could be influenced by various membrane fabrication parameters. Table 2 shows the average of the values of the roughness (Ra) which are related to the penetration and infiltration capability. PP-PS exhibits the lowest roughness; the morphology of the flake has a greater surface and slightly irregular homogeneous characteristics that generate the formation of a film in the regions of greater depth, and the values decrease. The PP-CHI presents an intermediate roughness between PP and PP-CEL; the reason is that chitosan film was a hard film and was difficult to penetrate. 
Mechanical Properties Evaluation.
The tensile strength and elongation at break for the modified membranes were analyzed [40] . This test determines the main mechanical characteristics of the material and thus indicates its mechanical durability and its plausible application. Table 3 shows the differences in the mechanical properties of each membrane and direct correlation between grafted degree and stress. For the PP-PS membrane the strength at break exceeds 85 MPa. This fact indicates that PS gives mechanical stability to PP. The PP-CEL and PP-CHI show an increase of the tensile strength of more than 4 and 5.5 times, respectively, with respect to PP. These results indicate that the modified membranes may be exposed to greater stress. However, the Table 4 : Thermal parameters of PP and modified membranes. percentage of elongation of PP-CEL membrane shows a significant reduction, whereas, for the PP-CHI membrane, this property increases approximately 12%. Therefore, the PP-CHI membranes show significant improvements on their mechanical durability, which potentiate their applications. Not all the surface modifications of the materials improve the mechanical properties. In fact, other reports about the modification of polypropylene, using different methods, showed that the polypropylene decreased its mechanical properties [41] . The improved strength for the three modified membranes confirms that the biopolymer chains were strongly attached to the PP membrane [42] and showed that they could be used in processes that require high resistance to mechanical stress, but with a small elastic capacity.
Thermal Properties and Decomposition Profile.
Thermal properties and decomposition profiles of the PP and modified membranes were determined using DSC and TGA. The analysis of the changes in stability and thermal properties of modified membranes is important for their application, as well as the characterization and determination of their chemical and physical changes.
The melting temperatures of grafted membranes and PP were determined from peak onset ( Figure 7, peak 1) . Heat of melting (Δ ) and heat of decomposition (Δ 2 , Δ 3 ) of the polymers were determined from the peak area of its corresponding transition in DSC ( Figure 7 , peaks 2 and 3).
(1) Change in and Δ . Table 4 shows the values of for PP and modified membranes. Fusion temperature was slightly lower for modified membranes than the one of the unmodified PP membrane. This change in could be attributed to the crystal arrangement in modified membranes and depends on the grafted biopolymer. The heat of melting (Δ ) for modified membranes decreases with the increase of the total content of biopolymer (% biopolymer). It has been reported that the thermodynamic melting temperature of semicrystalline biopolymers decreases as the molecular weight decreases and/or as the number of defects increases, that is, with an increase in branching and/or crosslinking [43] .
(2) Heat of Decomposition and Natural Polymer Content in Grafted Membranes. In Figure 7 , peak 2 refers to an endothermic process associated with decomposition of grafted biopolymer, which was not observed in PP curve. This process was also observed in TGA curves (Figure 8 ) with evident mass loss in modified membranes at 120-290 ∘ C, which was associated with a complex process, including dehydration of the biopolymer rings and breaking of the C-O-C glycosidic bonds, present in the main chain of the biopolymer [44] . In addition, Table 4 shows that the largest increase in Δ 2 occurs for PP-CHI. It is worth pointing out that this is directly related to the total molar amount of the biopolymer in the membrane and indicates that crosslinking or branching of grafts was greater in PP-CHI. The second decomposition stage (peak 3 in Figure 7 ) was related to the PP decomposition, and this peak was observed in the modified membranes as well. The most important characteristic for modified membranes is heat decomposition, Δ 3 . The energy in modified membranes was lower than that in the PP membrane, and this behavior was observed for the three modified membranes, therefore indicating that grafted polymers require less quantity of energy for decomposition, which would favor their degradation. This process of decomposition was also observed in TGA curves (Figure 8 ) in 380-480 ∘ C range. Modified membranes showed a mass loss around 300-380 ∘ C that can be related to acrylic acid fragments, corroborated by peak 4 in DSC curves (Figure 7 ).
X-Ray Diffraction Analysis (XRD).
In this work the evaluation of the degree of crystallinity of the modified membranes was performed by X-ray diffraction (XRD) [45] . XRD patterns were collected at 2 (5-60 ∘ ), though the most significant differences in the diffraction pattern of the respective phases appear in the range of 10 ∘ < 2 < 15 ∘ , which directly depends on the grafted biopolymer and was related to the loss of crystallinity in the following order: PP-CEL > PP-PS > PP-CHI ( Figure 9 ). This behavior is probably due to the random arrangement of each grafted biopolymer [46] and the branches formed by graft copolymerization reaction.
Preliminary Test of Sorption of Copper.
The major challenge for the adsorption field is to select the most promising types of sorbent from an extremely large pool of readily available materials. In order to evaluate the capability of removing metal ions of the modified membranes, the PP-CHI membrane was selected; it contains polar functional groups such as -OH and -NH 2 . These groups can be involved in chemical bonding and are responsible for the capacity for metal ions removal. With this in mind, a preliminary test of sorption process was carried out. A Cu +2 solution passed through the PP-CHI for 1 hour of operation time and 12 aliquots were collected every 5 min. Experiments were conducted in triplicate. The breakthrough curve shows a tendency to equilibrium after 10 minutes with a value of / (effluent concentration/initial concentration) equal to 0.8, indicating that the 80 percent was removed (Figure 10) . However, the membrane has not reached saturation point, since the value of / is different than 1.0.
The copper sorption capacity for the membrane PP-CHI was 35.2 mg Cu/g; this result indicates that the modified membrane still has active groups for the metal removal. Table 5 shows that the PP-CHI is an excellent alternative for the metal ion removal such as copper comparing with chitosan in different presentation and process conditions [23, 24] .
The performed test of copper ions sorption suggests that the modified materials prepared in this work find a potential application in the removal of metal ions. 
Conclusions
Three new modified materials were obtained using UV radiation induced graft copolymerization reaction. The use of biopolymers such as potato starch, cellulose, and chitosan resulted in a very good alternative to modify the polypropylene membrane, changing its physical and chemical properties and therefore expanding its applications. The acrylic acid was a good option to functionalize the polypropylene membrane and graft the biopolymers. The grafting reaction depends on natural polymer, reaction time, and concentration. FT-IR-ATR, XRD, TGA, DSC, SEM, BET, and AFM analyses showed that the grafting reaction occurred. The mechanical properties of these membranes were improved. The kinetics of swelling of modified membranes and their water contact angles indicate a complete change to hydrophilic material. The modified membranes could be used for the metal ions removal, due to the affinity of the metal ions with the polar groups present in the modified membranes. 
